HO1 (haem oxygenase 1) and Fpn (ferroportin) are key proteins for iron recycling from senescent red blood cells and therefore play a major role in controlling the bioavailability of iron for erythropoiesis. Although important aspects of iron metabolism in HO1-deficient (Hmox1 − / − ) mice have already been revealed, little is known about the regulation of Fpn expression and its role in HO1 deficiency. In the present study, we characterize the cellular and systemic factors influencing Fpn expression in Hmox1 − / − bone marrow-derived macrophages and in the liver and kidney of Hmox1 − / − mice. In Hmox1 − / − macrophages, Fpn protein was relatively highly expressed under high levels of hepcidin in culture medium. Similarly, despite high hepatic hepcidin expression, Fpn is still detected in Kupffer cells and is also markedly enhanced at the basolateral membrane of the renal tubules of Hmox1 − / − mice. Through the activity of highly expressed Fpn, epithelial cells of the renal tubules probably take over the function of impaired system of tissue macrophages in recycling iron accumulated in the kidney. Moreover, although we have found increased expression of FLVCR (feline leukaemia virus subgroup C receptor), a haem exporter, in the kidneys of Hmox1 − / − mice, haem level was increased in these organs. Furthermore, we show that iron/haemmediated toxicity are responsible for renal injury documented in the kidneys of Hmox1 − / − mice.
INTRODUCTION
Haem is an essential molecule to almost all living organisms. It serves as a functional component for a large number of proteins involved in fundamental biological processes [1] . It also acts as a crucial factor in the regulation of the expression of numerous genes [2] . At the same time, unbound haem is toxic due to its capacity to react with oxygen and catalyse the production of free radicals, which in turn may cause severe oxidative damage [3] . The most rapid rates of haem synthesis occur in the erythroid cells of the bone marrow and in hepatocytes. The cellular content of haem is mainly regulated via the HO (haem oxygenase) enzyme system [4] . Namely, HO catalyses the rate-limiting step in the haem degradation pathway, resulting in the formation of iron, CO and biliverdin. Two isoforms of the HO enzyme have been described, but only an inducible isoform (HO1) appears to be largely responsible for haem catabolism following phagocytosis of senescent RBCs (red blood cells) by tissue macrophages [5] . Recycling of haemoglobin-derived haem iron from senescent RBCs, which is subsequently exported into circulation by the sole identified cell iron exporter Fpn (ferroportin) [6] , constitutes the main source of elemental iron for erythropoiesis, and thus is critical for mammalian iron homoeostasis [5] . Therefore it is not surprising that HO1 deficiency results in a serious misregulation of systemic iron metabolism [7] [8] [9] . In mice, this disorder was first characterized by Poss and Tonegawa [7] , and since then Kovtunovych et al. [9] have provided some clues for understanding iron redistribution from the liver to the kidney in the HO1-deficient (Hmox1 − / − ) mice. However, several questions remain unanswered. Particularly, the function of hepatic and renal non-haem and haem iron exporters, namely Fpn and FLVCR (feline leukaemia virus sub-group C receptor) [10] , in the pathology has been poorly described or not addressed at all.
In the present paper, we describe a complex interplay between cellular and systemic regulatory mechanisms influencing Fpn expression in the liver, kidney and BMDMs (bone marrowderived macrophages) isolated from Hmox1 − / − mice. We hypothesize that, under the condition of reduced function of tissue macrophages observed in HO1-deficient mice [7, 9] , enhanced Fpn expression in the kidney is crucial for maintaining iron recycling. Furthermore, although kidneys have also a high molecular potential to detoxify both haem and elemental iron, they are not protected from iron-induced oxidative damage in the absence of HO1.
EXPERIMENTAL Mice
Mice (C57BL/6×129/Sv), heterozygous for a Hmox1-targeted mutation [7] , were provided by Dr A. Agarwal (Division of Nephrology, Department of Medicine, University of Alabama, Birmingham, AL, U.S.A.) and Dr J. Dulak (Department of Medical Biotechnology, the Faculty of Biochemistry, Biophysics and Biotechnology, Jagiellonian University, Krakow, Poland). Male and female mice heterozygous for the non-functional Hmox1 allele (Hmox1 + / − ) were intercrossed, and their progeny was kept at [24] [25] • C with a light/dark cycle of 12 h. The mice received
Abbreviations used: BMDM, bone marrow-derived macrophage; DAPI, 4 ,6-diamidine-2-phenylindole; FAS, ferric ammonium sulfate; FLVCR, feline leukaemia virus sub-group C receptor; Fpn, ferroportin; Ft, ferritin; Gapdh, glyceraldehyde-3-phosphate dehydrogenase; H-Ft, ferritin heavy chain; Hepc, hepcidin; HO, haem oxygenase; Hpx, haemopexin; IF, immunofluorescence; IRE, iron-responsive element; IRP, iron regulatory protein; L-Ft, ferritin light chain; LIP, labile iron pool; 8-oxodG, 8-oxo-7,8-dihydro-2 -deoxyguanosine; RBC, red blood cell; RT-PCR, reverse transcription-PCR; wt, wild-type. 1 To whom correspondence should be addressed (email p.lipinski@ighz.pl).
a standard laboratory diet (Labofeed). Genotyping using DNA isolated from mice tails was performed by PCR analysis. In all experiments, male mice homozygous for the non-functional Hmox1 allele (Hmox1 − / − ) and male mice homozygous for the wt (wild-type) Hmox1 allele (Hmox1 + / + ) were used at 7.5-8.5 months. All experimental procedures were approved by the Third Local Ethical Commission (Warsaw, Poland).
Cell culture and treatment

BMDMs from Hmox1
− / − and Hmox1 + / + mice were obtained and cultured as recently described [11] . BMDMs from mice of both genotypes were incubated with FAS (ferric ammonium sulfate) or haemin at final concentrations of 50 μM and 10 μM respectively for 8 h. The medium was subsequently removed, cells were washed with PBS and fresh medium was then added for 5 h. Another experimental group consisted of BMDMs pretreated with FAS and haemin, as indicated above, and that subsequently were exposed to Hepc (hepcidin; Peptides International) for 5h. Nontreated wt and Hmox − / − BMDMs were used as a control.
RNA extraction and real-time quantitative PCR
Total RNA was extracted from BMDMs or tissues by using the High Pure RNA Isolation and High Pure RNA Tissue kits (Roche Diagnostics) respectively. Total RNA (1 μg) was reversetranscribed with random hexamers using Transcriptor First Strand cDNA Synthesis Kit (Roche Diagnostics). Real-time quantitative PCR was performed using the Roche Light Cycler system and the fast DNA Master SYBR Green I kit (Roche Diagnostics) and the primers specific for analysed genes (Supplementary Table  S1 at http://www.BiochemJ.org/bj/449/bj4490069add.htm). Data were analysed with the Light Cycler 3.5 software. mRNA expression was standardized to Gapdh (glyceraldehyde-3-phosphate dehydrogenase) mRNA levels.
Measurement of LIP (labile iron pool) in BMDMs
LIP measurement in Hmox1 − / − and Hmox1 + / + BMDMs was performed using the fluorescent metal sensor calcein (Molecular Probes) and salicylaldehydehydrazone, a highly permeant iron chelator (a gift from Professor P. Ponka, Department of Physiology, McGill University, Montréal, Québec, Canada) as described previously [12] .
Quantitaive non-haem and haem iron measurement
The haem content of BMDMs and tissues was determined spectrophotometrically at 398 nm using haemin standards (ε = 1.5×10 5 M − 1 ·cm − 1 ) [13] . Tissue non-haem iron content was determined by acid digestion of tissue samples at 65
• C for 20 h, followed by colorimetric measurement of the absorbance of the iron-ferrozine complex at 560 nm as described previously [14] .
Immunoblot analysis
For the detection of macrophage and tissue Fpn and HO1, 80 μg (Fpn) and 20 μg (HO1) of respective membrane extracts (prepared as described previously [15] ) were resolved by electrophoresis on 10 % and 12 % SDS/PAGE gels respectively. To determine the protein levels of FLVCR in the kidney, 40 μg of renal membrane extracts were resolved by electrophoresis on an 8 % SDS/PAGE gel. To determine Hpx (haemopexin) serum levels, 7 μl samples of 20-fold diluted mouse serum were separated on 10 % gels. For the detection of renal Ft (ferritin), kidney membrane proteins (45 μg/lane) were separated on non-denaturing non-reducing 6 % PAGE gels. Ft subunits were also detected in renal cytosolic extracts (50 μg) resolved by electrophoresis on 14 % SDS/PAGE gels as described previously [16] . Electroblotting of resolved proteins on to a PVDF membrane (Millipore), blocking and incubation with primary antibodies was performed as described previously [16] . The following primary antibodies were used: a rabbit polyclonal antibody raised against mouse Fpn (Alpha Diagnostic), a rabbit polyclonal antibody raised against rat liver HO1 (StressGen), a mouse monoclonal antibody raised against human FLVCR (Abcam), a goat antiserum raised against human Hpx (provided by Dr E. Tolosano, Molecular Biotechnology Center, University of Turin, Turin, Italy), rabbit antisera raised against recombinant mouse H (heavy chain)-and L (light chain)-Ft (provided by Dr P. Santambrogio, Division of Neuroscience, San Raffaele Scientific Institute, Milan, Italy). Membranes were then washed and incubated with peroxidase-conjugated antirabbit, anti-chicken, anti-mouse or anti-goat secondary antibodies (Santa Cruz Biotechnology) for 1 h at room temperature (20 • C). Immunoreactive bands were detected using the ECL (enhanced chemiluminescence) Plus Western blotting detection system (Amersham Life Sciences). Quantification was performed relative to actin detected using a specific antibody against mouse actin (Santa Cruz Biotechnology). The presence and absence of HO1 in wt and Hmox1 − / − BMDMs and tissues respectively was analysed using an anti-HO1 antibody.
IF (immunofluorescence)
BMDMs were cultured in Lab-Tek ® Chamber Slides TM (Nunc), fixed with absolute methanol and washed with PBS. After permeabilization with Triton X-100 (Sigma) and blockage with goat serum (10 %), cells were incubated with an antibody against Fpn (1:100 dilution), followed by incubation with goat anti-rabbitAlexa Fluor ® 488-conjugated secondary antibody. Cells were then mounted using the antifade reagent ProLong ® Gold (Invitrogen) and examined for IF using the epifluorescence microscope LEICA DM-IRM with a ×60 oil-immersion objective. Kidney and liver sections were washed in PBS and permeabilized by bathing in PBS plus 0.1 % Triton X-100 for 10 min. Nonspecific antibody binding was blocked by incubation in PBS plus 3 % BSA for 1 h. Sections were subsequently incubated overnight at room temperature with primary rabbit polyclonal anti-Fpn antibody (Alpha Diagnostic) diluted 1:250 in PBS plus 3 % BSA. Then sections were washed three times with PBS and incubated with Cy3 (indocarbocyanine)-conjugated goat anti-rabbit antibody (Jackson Immunoresearch) diluted 1:500 in PBS plus 3 % BSA. Finally, the sections were washed three times for 10 min in PBS at room temperature and mounted using Vectashield with DAPI (4 ,6-diamidine-2-phenylindole; Vector Labs). For FLVCR detection, primary goat polyclonal anti-FLVCR antibody (Abcam), diluted 1:250 in PBS plus 3 % BSA and the secondary rabbit anti-goat Alexa 488 conjugated (Molecular Probes) diluted 1:400 were used. As a negative control, some sections were prepared without incubating with the primary antibody. The kidney sections were examined for IF using the same microscope as in the case of BMDMs.
Detection of iron-saturated Ft by PAGE
Specific staining for the detection of non-haem iron proteins in PAGE gels [17] was used for the visualization of iron-containing Ft in renal membrane extracts resolved on 7 % gels. To assist identification of Ft bands, horse spleen holo-and apo-Ft were used as controls. 
DNA isolation and determination of 8-oxodG (8-oxo-7,8-dihydro-2 -deoxyguanosine) content
DNA from mouse kidneys was isolated and the content of 8-oxodG was determined using the HPLC electrochemical detection techniques described previously [18] .
Statistical analysis
All experiments were performed at least in triplicate, and error bars indicate S.D. Statistical analysis was performed using a twotailed Student's t test, with a P value of <0.05 being considered statistically significant.
RESULTS
Haem-dependent up-regulation of Fpn expression in Hmox1
− / − BMDMs HO1 and Fpn have been shown to be co-ordinately regulated by both iron and haem in murine BMDMs following erythrophagocytosis and/or haem treatment [19] [20] [21] . To gain insights into the regulation of the Fpn gene in the absence of HO1, we first examined the expression of Fpn out of the context of iron metabolism misregulation observed in Hmox1 − / − mice [7, 9] , i.e. − / − BMDMs resulted in a statistically significant increase in haem content ( Figure 1D ). In contrast, Hmox1 − / − BMDMs show a nearly 2-fold lower LIP level than wt cells ( Figure 1E ).
Regulation of Fpn expression in wt and Hmox1
− / − BMDMs by Hepc, haem and iron
The concentration of cell surface Fpn mainly depends on the post-translational regulation through internalization and degradation following Hepc binding [22] . In order to test the effect of exogenous Hepc on the expression of Fpn at the cell surface of BMDMs isolated from wt and Hmox1 − / − mice, we treated both cell populations with 300 nM Hepc for 5 h. Hepc dramatically reduced the level of Fpn expression on membranes of both macrophage populations as tested by Western blot (Figure 2A ) and IF ( Figure 2B ) analyses. We then studied whether the effect of Hepc is modulated by pretreatment of cells with haem and/or iron, two known inducers of Fpn expression at transcriptional and post-transcriptional levels [21, 22] respectively. In wt BMDMs, downstream regulation by Hepc reduced Fpn expression, completely counteracting the stimulatory effect of either haem or iron (Figure 2A , upper panels and Figure 2B ). In Hmox1 − / − BMDMs, Hepc treatment was not as efficient as in the case of wt BMDMs, especially when Fpn expression was strongly up-regulated by the pretreatment of Hmox1 − / − BMDMs with iron ( Figure 2A , bottom panels and Figure 2B , right-hand panel). Figure 3C ). We then analysed Hepc mRNA expression in the livers of mice of both genotypes and found that, in Hmox1 − / − mice, the expression of Hepc mRNA was increased approximately 3-fold ( Figure 3E ). The non-haem hepatic iron content in Hmox1 − / − mice was also increased 1.5-fold as compared with wt animals ( Figure 3D ). 
Increased FLVCR expression in the kidney
FLVCR is a cell-surface membrane protein that plays a crucial role in haem export from cells [10, 23, 24] . In the present study we measured FLVCR expression in the kidney in Hmox1 − / − mice. The abundance of FLVCR mRNA and protein in the kidneys of Hmox1 − / − mice was increased approximately 3-fold compared with wt animals (Figures 5A and 5B) . Staining of FLVCR in Hmox1
− / − renal sections shows small blood vessels in the renal cortex as the main site of FLVCR localization in the kidney. The small blood vessels expressing FLVCR among the renal tubules probably correspond to the peritubular capillary network ( Figure 5C ). To further test the hypothesis that the haem export pathway is up-regulated within the area of kidney in Hmox1 − / − mice, we assessed the serum level of the high-affinity haembinding plasma protein Hpx [25] , which has been shown to increase the efficiency of haem export via FLVCR [26] . We found that the Hpx level in the serum of Hmox1 − / − mice is markedly increased as compared with the wt mice. Renal iron overload and its impact on renal pathology in Hmox1 − / − mice We then quantified both non-haem iron and haem contents in the kidneys of Hmox1 − / − mice and we observed a nearly 5-and 0.7-fold increase of both values respectively, when compared with wt mice (Figures 6A and 6B) . Importantly, we showed also that, apart from the elevation of cytosolic Ft subunits ( Figure 6C , panels V and VI) in renal tissue, a fraction of membrane-bound Ft is greatly increased in Hmox1 − / − mice ( Figure 6C , panels III and IV). Furthermore, we revealed that this Ft is fully saturated with iron as concluded on the basis of the comparison between iron saturation of Ft in renal extracts from Hmox1 − / − mice and that of pure fully saturated horse spleen Ft ( Figure 6C, panel I ). As expected, iron saturation of Ft in renal extracts from wt mice showed no or only very slight saturation with iron ( Figure 6C, panel I) .
It is well known that unbound intracellular ferrous iron is capable of generating oxygen free radicals through Fenton chemistry, causing damage to biological molecules. In the present study, we found that oxidative damage to DNA measured as the 8-oxodG level was much higher in DNA isolated from the kidney of Hmox1 − / − mice relative to wt controls ( Figure 6D ). Furthermore, in the kidney of the Hmox1 − / − mice we observed pathological changes in both the renal cortex and renal medulla. In the renal cortex we noticed tubular dilation, and in some tubules we also observed epithelial simplification ( Figure 6E, panel II) . The epithelial cells of some damaged tubules exhibited large nuclei with decondensed chromatin ( Figure 6E , panel IV) characteristic for karyomegalic nephropathy caused by the toxicity of heavy metals [27] . All of these pathological features indicate the necrotic process occurring in Hmox1 − / − renal tubules. In addition, in the absence of HO1, renal corpuscles were affected by the fibrosis of Bowman's capsules ( Figure 6E, panel V) . Some Bowman's capsules in renal corpuscles were very large ( Figure 6E, panel VI) . The presence of numerous lymphocyte infiltrations in the renal cortex of the Hmox1 − / − mice also indicates inflammatory processes ( Figure 6E , panel VII). Necrotic processes were especially advanced in the renal papilla and were visible in both the collecting tubules and thin limbs of Henle's loops ( Figure 6E , panel VIII).
DISCUSSION
Recirculation of haem iron from senescent RBCs by tissue macrophages constitutes the largest pathway of iron egress in the body, providing endogenous iron for erythropoiesis in the amount greatly exceeding that of exogenous iron, taken up by the absorptive enterocytes. Recycling of haem iron in macrophages is accomplished through a series of successive steps beginning with the HO1-dependent enzymatic release of iron from the haem molecule, continuing with its translocation to the cytosol and ending with Fpn-mediated iron export into the bloodstream. The key element in the functional interplay between HO1 and Fpn is that both haem and iron, i.e. the substrate and the product respectively of the reaction catalysed by HO1, act as a crucial factors in the sequential regulation of the expression of the Fpn gene [21] . We show that Fpn expression is markedly enhanced in Hmox1 − / − BMDMs at both mRNA and protein levels. Our results suggest that the elevated haem level in Hmox1 − / − BMDMs, which is a consequence of the lack of HO1 activity, is behind this regulation. Accordingly, haem has been shown to induce a marked transcriptional activation of the Fpn gene in mouse macrophages [21, 28] and human monocytic cells [29] . Interestingly, we found that the cytoplasmic level of LIP is decreased in Hmox1 − / − BMDM, which most likely results from the enhanced iron export activity of Fpn, strongly expressed at the surface of these cells. Furthermore, low LIP level is a signal for the IRP (iron regulatory protein)/IRE (iron-responsive element) regulatory mechanism to inhibit the translation of Fpn mRNA, according to the principle of IRP/IRE-dependent regulation of mRNAs containing the IRE sequence in their 5 -UTRs (untranslated regions) [22] . Thus cells exposed simultaneously to haem and iron chelators fail to increase Fpn expression at the protein level [21, 29] . In our case, however, it seems that Fpn escapes the IRP-mediated inhibition, since Hmox1
− / − BMDMs displaying high haem content have a large increase in both Fpn mRNA and protein levels. Accordingly, in some conditions, transcriptional induction of gene expression can override the inhibitory regulation by the IRPs [28] .
Moreover, there is evidence that the reduction of Fpn expression at the cell membranes by Hepc-dependent regulatory mechanism dominates the regulation of Fpn expression [22] . Indeed, our results show that exogenous Hepc efficiently down-regulates Fpn at the plasma membranes of BMDMs of both genotypes. However, a careful analysis of Fpn expression by both Western blotting and IF staining shows that, when Hepc was added to Hmox1
BMDMs, the amount of Fpn decreased to a lesser extent than in the control cells. Importantly, in Hmox1 − / − BMDMs pretreated with haem and/or iron, the Hepc/Fpn regulation was further attenuated. Accordingly our in vivo studies show that, in Hmox1 − / − mice, a high hepatic Hepc mRNA level was associated with a strong Fpn expression at the protein level in some Kupffer cells and at the basolateral membranes of epithelial cells of renal tubules. Considering that in the liver Fpn is strongly expressed in Kupffer cells [30] , the strong reduction in the number of these cells in Hmox1 − / − mice contributes to the overall decrease of Fpn protein level detected by Western blotting in hepatic membrane extracts. Taken together, our ex vivo and in vivo studies suggest that Fpn might be resistant to Hepc-mediated inactivation in HO-1 deficiency. It has been reported that, in mouse macrophages, Fpn internalization is mediated via lipid raft-dependent endocytosis [31] . Interestingly, apart from Fpn, lipid rafts contain other proteins indispensable for iron export, including HO1 [32] and ceruloplasmin [33] , and thus constitute a functional and spatial environment in the plasma membrane to iron export from the cells. It is tempting to propose that lack of HO1 may affect interaction between Hepc and Fpn. In this context, it is worth noting that mutated ceruloplasmin has been shown to modulate Hepc-mediated internalization of Fpn in glioma cells [34] .
A total of three available sets of data refer to Hepc measurement in HO1 deficiency and show either increase (the present study), decrease [29] or no changes [9] in Hepc expression. The reason of such a discrepancy, especially in the case of two studies on Hmox1 − / − mice (the present study and [9] ), in reporting hepatic Hepc mRNA expression is not clear. It is possible that the age of mice may play a role. Kovtunovich et al. [9] assessed expression in the liver of 14-month-old mice, whereas our measurements were performed on 8-month-old male mice. Two signalling pathways leading to increased Hepc expression in the liver, namely iron loading and inflammation, are active in Hmox1 − / − mice [7, 9] . Although anaemia is a potent inhibitor of Hepc expression, iron overload and inflammation induces Hepc expression [35] . A dominant inhibitory effect of anaemia and erythropoeitic activity over the stimulatory effects of iron on Hepc regulation was only seen in severe anaemias such as those occurring in β-thalassemias [36] or in haemolytic anaemia induced by chemical drugs [37] . One can speculate that anaemia occurring in Hmox1 − / − mice [7, 9] may counteract the induction of Hepc by iron loading. However, as reported by Poss and Tonegawa [7] , anaemia in Hmox1 − / − mice develops progressively during the first year of their life and in an 8-month old has relatively moderate character. Our results also show that, in HO1-deficient mice, at this age the extent of anaemia is relatively limited (Supplementary Table S2 at http://www.BiochemJ.org/bj/449/bj4490069add.htm).
Redistribution of iron from the liver and spleen to the kidney is a real hallmark of body iron misregulation in HO1 deficiency [7] [8] [9] . The present study provides molecular evidence that iron accumulated in the epithelial cells of renal tubules [9] may be efficiently redirected to the circulation by Fpn strongly localized to the basolateral membrane of these cells. This is the first demonstration of such localization of Fpn in mice, consistent with the recent finding showing Fpn located at the basolateral membrane of proximal tubule epithelial cells in rats [38] . It is reasonable to propose that, in Hmox1 − / − mice, the function of Fpn, which increased in proximal tubules, is to release iron accumulated in the kidney and provide it for erythropoiesis. Indeed, serum iron concentration shows no major changes in Hmox1 − / − mice (results not shown and [9] ). In the absence of Fpn-mediated iron egress from the kidney, relatively moderate haemolytic anaemia observed in Hmox1 − / − mice might develop into a severe iron deficiency anaemia.
Although Fpn probably promotes continuous iron efflux from the kidney, the content of iron in this tissue resulting from the massive haemoglobin and haem uptake in the glomerular filtrate is still very high as assessed by measurement of renal non-haem iron, detection of high expression of Ft and its full saturation with iron. Apart from high level of Ft subunits detected in renal cytosolic extracts, we also found a high amount of iron-rich Ft in renal membrane extracts (supposed to contain the lysosomal fraction), which probably is not active as an iron detoxifying molecule. When in excess, iron is toxic because it participates in the generation of hydroxyl radicals via a Fenton reaction that readily reacts with biological molecules. In the present study we show that, in the kidney of Hmox1 − / − mice, the level of 8-oxodG, a known marker of oxidatively damaged DNA, is elevated in DNA. Accordingly, other groups analysing the toxicity of iron accumulated in the kidney of Hmox1 − / − mice found increased levels of oxidized proteins and lipids [7, 9] . As reviewed by Smith and Thévenod [39] , renal proximal tubules are the primary site of iron toxicity in several kidney diseases, because, with increased permeability of the glomerular filter, haemoglobin and transferrin are reabsorbed from the primary urine by the epithelial cells of the proximal tubules. The 8-month-old Hmox1 − / − mice analysed in the present study show evidence of degenerative glomeruli associated with fibrosis of the Bowman's capsules. Much more advanced glomerular pathology was noticed in 75-week-old animals [7] . In addition, we observed that, in a number of renal tubule cells of Hmox1 − / − mice, the nuclei are abnormally enlarged, a phenomenon generally being a consequence of heavy metal toxicity in the kidney [27] . Finally, we demonstrate that the renal cortex of Hmox1 − / − mice shows massive lymphocyte infiltration, which may contribute to the progression of chronic inflammation reported in these animals previously [7, 9] .
Keeping in mind that in HO1 deficiency, the kidney is the main site of haemoglobin and haem clearance [7, 9] , an important question arises as to the alternative, HO1-independent pathways of haem detoxification in this organ. Previous studies show that cellular haem content may be down-regulated by the plasma membrane haem exporter termed FLVCR. The role of FLVCR in efficient haem export has been proven in erythroid cells [10, 24] and macrophages that ingest senescent RBCs [23] . In the present study we observed that FLVCR protein levels are greatly increased in renal membrane fractions of Hmox1 − / − mice. The strong expression of FLVCR was localized to the renal blood vessel endothelium, suggesting enhanced transport of haem to the circulation. A previous study clearly shows that the efficiency of haem export via FLVCR is preferentially increased by Hpx [26] , the haem-binding protein in the serum [25] . Interestingly, we found that, in Hmox1 − / − mice, the level of serum Hpx is elevated. This finding is in contrast with what was shown by Kovtunovich et al. [9] . The serum levels of Hpx are usually low during severe intravascular haemolysis [25] , because Hpx binds free haem in the circulation and then the Hpx-haem complex is rapidly removed by the scavenger receptor CD91. However, haemolytic anaemia observed in Hmox1 − / − mice is not an acute but progressively developing pathology and in 8-month-old mice is characterized by only a moderate decrease in RBC indices. Moreover, at this age, Hmox1 − / − mice show a very high synthesis of Hpx in the liver and kidney [9] . Therefore, markedly elevated serum Hpx is likely to be originated from the more dominant effect of inflammation than the observed haemolysis. A similar pattern of increased Hpx expression in the liver and elevated serum Hpx level was observed in moderate haemolytic anaemia of SOD1 (superoxide dismutase 1)-knockout mice [16] .
In summary, under conditions of misregulation of iron metabolism in Hmox1 − / − mice as well as in HO1-deficient BMDMs, Fpn appears to show a probable resistance to Hepc-mediated downregulation and this needs to be explored further. The present study emphasizes the role of the kidney in the recirculation of iron in HO1-deficient mice that may be relevant in several pathologies associated with accumulation of iron in the kidney. Fpn strongly expressed at the basolateral membranes of the epithelial cells of renal tubules may export iron reabsorbed from primary urine back into the circulation, provide it for erythropoiesis and thus attenuate the extent of anaemia observed in Hmox1 − / − mice. Accumulation of iron and haem in the kidney is associated with marked renal injury and none of Fpn, FLVCR or Ft is capable of efficiently counteracting renal iron-mediated toxicity.
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